Obesity is accompanied by hyperphagia in several classical genetic obesity-related syndromes that are rare, including Prader-Willi syndrome (PWS) and Alström syndrome (ALMS). We compared coding and noncoding gene expression in adult males with PWS, ALMS, and nonsyndromic obesity relative to nonobese males using readily available lymphoblastoid cells to identify disease-specific molecular patterns and disturbed mechanisms in obesity. We found 231 genes upregulated in ALMS compared with nonobese males, but no genes were found to be upregulated in obese or PWS males and 124 genes were downregulated in ALMS. The metallothionein gene (MT1X) was significantly downregulated in ALMS, in common with obese males. Only the complex SNRPN locus was disturbed (downregulated) in PWS along with several downregulated small nucleolar RNAs (snoRNAs) in the 15q11-q13 region (SNORD116, SNORD109B, SNORD109A, SNORD107). Eleven upregulated and ten downregulated snoRNAs targeting multiple genes impacting rRNA processing, developmental pathways, and associated diseases were found in ALMS. Fifty-two miRNAs associated with multiple, overlapping gene expression disturbances were upregulated in ALMS, and four were shared with obese males but not PWS males. For example, seven passenger strand microRNAs (miRNAs) (miR-93*, miR-373*, miR-29b-2*, miR-30c-1*, miR27a*, miR27b*, and miR-149*) were disturbed in association with six separate downregulated target genes (CD68, FAM102A, MXI1, MYO1D, TP53INP1, and ZRANB1). Cell cycle (eg, PPP3CA), transcription (eg, POLE2), and development may be impacted by upregulated genes in ALMS, while downregulated genes were found to be involved with metabolic processes (eg, FABP3), immune responses (eg, IL32), and cell signaling (eg, IL1B). The high number of gene and noncoding RNA disturbances in ALMS contrast with observations in PWS and males with nonsyndromic obesity and may reflect the progressing multiorgan pathology of the ALMS disease process.
Introduction
There are several obesity-related genetic disorders identified in humans, but monogenic causes of morbid obesity are uncommon. Obesity is accompanied by hyperphagia in several classical but rare genetic obesity-related syndromes, such as Prader-Willi syndrome (PWS) and Alström syndrome (ALMS). [1] [2] [3] [4] A better understanding of the basis of obesity will also elucidate mechanisms controlling food intake, exercise, and energy balance. Coding and noncoding RNA expression, specifically microRNAs (miRNAs) and small nucleolar RNAs (snoRNAs) that regulate a variety of biological processes, may impact appetite control, adipocyte formation, metabolic activity, and insulin resistance. 2 To investigate the unique, disease-specific patterns and common Prader-Willi syndrome PWS (OMIM 176270) is a complex neurodevelopmental genomic imprinting disorder usually due to lack of paternally expressed genes from a deletion of the chromosome 15q11-q13 region seen in ∼75% of cases, maternal disomy 15 in ∼25% of cases, and imprinting center defects in the remaining 1%-3% of cases. [8] [9] [10] [11] [12] [13] [14] The activity of imprinted genes depends on the sex of the parent contributing the gene allele. 15 PWS is characterized by infantile hypotonia, poor sucking and feeding difficulties, growth hormone deficiency, short stature, hypogonadism, and hyperphagia in early childhood leading to obesity, if uncontrolled. Mild intellectual disability, problematic behaviors (eg, skin picking, tantrums, aggressive food seeking), and hypopigmentation are common. 8, 10, 11, 16, 17 PWS has a prevalence of 1 in 15,000 individuals and is recognized as the most common syndromic cause of morbid obesity in childhood. 8, 9 Approximately 100 genes and/or transcripts are identified in the chromosome 15q11-q13 region, with fewer than 10 genes imprinted or paternally active and expressed in most tissues including lymphoblasts. [18] [19] [20] [21] The complex SNRPN (small nuclear ribonucleoprotein N) locus along with SNURF (SNRPN upstream reading frame) found in the region and copies of small nucleolar C/D box RNAs (snoRNAs) or SNORDs are disturbed in this syndrome involved with RNA processing. 9 The MKRN3, MAGEL2, NDN, and C15orf2 genes in this region participate in neural development and function, while recent evidence supports a role in precocious puberty for the MKRN3 22 gene and autism for the MAGEL2 gene. 23 coding and noncoding rnA expression Advances in genetic technology and bioinformatics have brought genetics to the forefront in the study of neurodevelopment. Coding RNA (mRNA or genes) is required for protein production (structural and regulatory), while noncoding RNA (eg, miRNA, snoRNA) plays a role in a variety of biological processes and pathways and pathogenesis, possibly applicable to obesity through gene regulation, although the mammalian genome contains fewer than 2% protein-coding genes. 24 Noncoding miRNAs are about 22 nucleotides in size and have the ability to control gene expression through posttranscriptional regulation by binding to the 3′-untranslated region of specific target mRNAs. 25, 26 This binding inhibits protein translation by affecting mRNA degradation or processing, thereby regulating the amount of protein encoded by the gene target. 27 The mature guide strand miRNA generally exhibits an inverse expression correlation with the expression level of target genes. 28 More than 1,100 unique miRNAs are found in human cells and have complementary sites that bind to thousands of predicted mRNA targets. 26 miRNAs are derived from hairpin or stem-loop structures requiring processing by Drosha proteins in the nucleus of the cell and RNAse III endoribonuclease Dicer in the cytoplasm that converts the hairpin precursor or pre-miRNA to a mature miRNA that is complementary to specific target genes (mRNA). miRNAs are incorporated into RNA-induced silencing complexes (RISCs) that are associated with Argonaute proteins and regulate mature miRNA expression levels. [29] [30] [31] [32] The processed pre-miRNA is actively transported through the nuclear membrane to the cytoplasm, where the hairpin or loop structure is cleaved by Dicer. 33 Disruptions in this process can cause additional intermediates with cleaved precursor miRNAs or ac-pre-miRNAs, leading to alternative forms interfering with regulation of gene function and protein translation at multiple levels. 29, 31, 34 Low-frequency passenger Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. expression patterns associated with rare obesity-related disorders miRNA strands designated as star (*) or 5p are produced during processing but mostly degraded. These passenger miRNA strands are complementary to the mature major guide strand and, if not degraded, act as an anti-miRNA factor interfering with the function of the mature guide strand. Lowfrequency passenger strands are read in both the 3′ and 5′ directions, suggesting coordinated regulation of miRNA production. 34 Hence, human miRNAs are generated in two forms: immature (designate as hsa-mir) and mature (designated as hsa-miR), and the balance of subtypes can influence gene expression and quantity of protein produced. miRNAs are critical for both development and gene regulation with differential expression in tissues. [35] [36] [37] [38] [39] [40] miRNAs regulate and target most protein-coding genes in the human genome, with multiple classes highly expressed in the nervous system. 25, 41 They actively participate in neuronal development, function, and network activity. 40, [42] [43] [44] snoRNAs are noncoding RNAs that are larger in size than miRNAs and act with other ribonuclear proteins to guide modification of RNA transcripts, particularly ribosomal RNA (rRNA), through methylation, pseudouridylation, and alternative splicing. [45] [46] [47] [48] [49] Two primary snoRNA classes are defined based upon the presence or absence of conserved sequence motifs: C/D box (RUGAUGA/CUGA) snoRNAs generally guide or carry out 2′O-ribose-methylation of pre-rRNA to mature rRNA, while H/ACA box (ANANNA/ACA) snoRNAs guide pseudouridylation. A third composite class of snoRNAs are referred to as Cajal body-specimen RNAs (scaRNAs) due to their tendency to accumulate in this body and possess both H/ACA and C/D box sequences having dual functions. [45] [46] [47] [48] [49] Methylation and/or pseuodouridylation of RNA are processes that may influence RNA folding and protein interactions. Still other snoRNAs may act as miRNAs controlling protein production or target intron-exon borders of mRNAs leading to splicing events and protein isoforms dictating protein quality in humans. 35, 36, 39 snoRNAs located in intronic gene regions do interact with the host gene product and may be used to internally regulate gene function or activity.
Another emerging area of research interest is the role of snoRNAs in small nucleolar ribonucleoprotein (snoRNP) complexes and associated sumoylation processes involved with large and small ribosome subunit assembly. 50, 51 Small ubiquitin-related modifiers (SUMOs) are known to covalently link to selected ribonuclear proteins via lysine residues through a complex enzymatic cascade involving a unique enzyme ligase and an E2 conjugating enzyme (UBC9). 52, 53 One of the best characterized SUMO pathways is the SUMO E3 ligase RanBP2 (Nup358) involving the Ran GTPase (E1) activating protein (RanGAP1). 54, 55 The SUMO E3 ligase RanBP2(Nup358) complex impacts upon nucleoplasmic transport, microtubule binding and organization, as well as spindle assembly and disassembly 56, 57 functions, similar to those proposed for the ALMS1 gene.
For obesity-related genetic conditions, little is known about the role and/or frequency of abnormalities in snoRNAs, miRNAs, and the proportion of mature major guide strands (hsa-miR) versus the less frequent minor passenger strands with interference in immature stem loop (hsa-mir) processing. We report our experience with coding and noncoding RNA expression patterns for the first time using microarray technology and bioinformatics with living lymphoblastoid cells from selected male adults with PWS and ALMS compared with nonsyndromic obese or nonobese males to give insight into the molecular genetic processes controlling gene function in these rare obesity-related disorders. Lymphoblasts were selected as the cell source for this study. Other fresh tissue sources, such as skin, liver, fat, muscle, or brain from biopsies or surgical specimens, were not available for coding or noncoding RNA expression studies. Previous studies have shown the feasibility of lymphoblasts for gene expression or microarray RNA analysis in individuals with autism, 58 fragile X, 59 Prader-Willi, [60] [61] [62] [63] [64] and Angelman syndromes, 63, 65 including comparison with other tissue sources and brain specimens. 63, 66 Gene expression disturbances are detectable in lymphoblastoid cells in disorders with single gene mutation, (eg, fragile X and Angelman syndromes), 59, 65 uniparental disomy 15, 60, 67 or cytogenetic deletions (eg, 15q11-q13 deletions) 60, 61, 67 or duplications, 62 further supporting the selection of readily available lymphoblastoid cells in our coding and noncoding RNA expression studies in rare obesity-related genetic disorders to study the genes involved with obesity.
Materials and methods Participants
Expression profiles for noncoding RNA (miRNA) and coding RNA (gene or exon) were characterized from total RNA collected from actively growing lymphoblastoid cells established from readily available peripheral blood extracted using the MiRNA Easy kit from Qiagen (Gaithersburg, MD, USA) following the manufacturer's instructions. Our participants were adult Caucasian males with ALMS and similarly aged adult Caucasian males with PWS. The males with ALMS (average body mass index [BMI] =42) and nonsyndromic obesity (average BMI =51) were categorized as having morbid obesity (BMI .40) while the PWS males (average BMI =39) had a BMI in the obese range (BMI $30; Table 1 ).
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Butler et al All participants signed a consent form approved by the local Institutional Review Board.
The adult males with ALMS and PWS were genetically confirmed before study with either 15q deletions (N=5 males) or maternal disomy 15 (N=2 males) in PWS or ALMS1 gene mutations in ALMS. The mean RNA integrity number (RIN) was .6 for all subjects, which was considered adequate for microarray expression analysis. Samples were obtained from the subjects following consent using forms approved by the local Human Subjects Committee. The same RNA aliquot was used for miRNA and exon expression studies as well as for quantitative reverse-transcription polymerase chain reaction (qRT-PCR) validation. Array preparation, processing, and hybridization were performed by the Microarray Core Facility at the University of Kansas Medical Center, following established protocols in their laboratory setting.
Microarray exon expression
The Human Exon 1.0 ST (sense target) Array (Affymetrix, Inc.; Santa Clara, CA, USA) was used in our study to not only identify mRNA expression patterns and disturbances at the gene level but also to assess the functional impact of recognized miRNA expression useful for experimental validation purposes. Both exon and miRNA arrays used the same RNA source for hybridization studies. The practice of using high-throughput techniques and merged microarray datasets to validate experimental data is gaining acceptance in research. 66, 68, 69 For example, overexpression of major guide mature miRNAs should show decreased expression of their predicted and validated target mRNAs with the frequency of miRNA classes in comparison with the two study subject groups. Quantitative RT-PCR was also performed for a subset of disturbed target mRNAs for validation.
The array description and specification can be found in more detail in Manzardo et al. 66 Briefly, the Human Exon 1.0 ST Array contained source cDNA-based content consistent with the human RefSeq mRNAs, GenBank ® mRNAs, and/or ESTs from dbEST. All probe locations were obtained from the human genome reference GRCh36/hg19 build assembly (http:// genome.ucsc.edu/cgi-bin/hgGateway?db=hg19) with probe length $25 mer in size and containing .5.3 million probes grouped into 1.4 million probe sets. These probe sets interrogate at the exon level for 28,869 well-annotated genes using multiple probes. The average probe density was four probes per exon or 30-40 probes per transcript. About 300,000 core exon probe sets in this array map to 17,800 RefSeq genes. The Robust Multi-chip Analysis (RMA) algorithm was used to derive CEL file probe-level hybridization intensities at the gene expression level, as previously reported. 66 The RMA model normalizes signal intensities to the median of control samples, corrects the background for each array, and summarizes the probe set intensities for analysis purposes. Gene expression levels were also summarized using the Median Polish algorithm, as previously described. 66 Bioinformatics methodology for the analysis of highresolution exon microarray data is still evolving, particularly the techniques utilized for the calculation of false discovery rates (FDRs). The current methodology applied for genelevel analysis does not adjust for increased power and confidence associated with the use of multiple probes per gene. Conversely, the technique considers each probe for a gene as a separate "independent" experiment resulting in a bias toward a higher rather than lower FDR estimate for gene disturbances. For this reason, the FDR cutoff for these experiments was set at #0.2 and the fold change set at a cutoff of 1.5.
Microarray mirnA and snornA expression
The study uses GeneChip miRNA 2.0 Array (Affymetrix, Inc.) to examine noncoding miRNA (snoRNA) expression disturbances in our adult males with ALMS and PWS relative to nonsyndromic obese and nonobese adult male controls following protocols as previously described. 58 A more complete description of array specifications can be found in Manzardo et al. 66 Briefly, the noncoding array utilizes sources from Sanger miBase miRNA (http://microrna. sanger.ac.uk), snoRNABase (http://www.snorna.biotoul.fr/ coordinates.php), and Ensembl Archive (http://www.ensembl. org/biomart/martview) with probe locations based on the human genome reference GRCh36/hg19 build assembly (http://genome.ucsc.edu/cgi-bin/hgGateway?db=hg19). The average probe length is #25 mer in size and includes 20,287 total probe sets per array. For this array, the human probe set encompasses 1,105 mature miRNAs, 1,121 pre-miRNAs, 2,302 snoRNAs, and 32 scaRNAs. Array hybridization and processing were performed according to standard protocols using the same batch of commercially available and standard laboratory conditions for microarrays. Quantitative reverse-transcription Pcr qRT-PCR was used to evaluate genes differentially expressed in our exon arrays, and an additional subset of selected target genes found to be disturbed (both up and downregulated) was then considered for validation purposes. The first-strand cDNA was synthesized from 500 ng of total mRNA using the iScript cDNA Syntheses Kit (Bio-Rad, Hercules, CA, USA). Primers for MT1X, FABP3, and RB1 and the internal control gene GAPDH were purchased from QIAGEN (Hilden, Germany) and selected to avoid potential genomic DNA contamination by spanning primers only at exon-exon junctions. SYBR green PCR assays were performed using the MJ Mini Personal Thermal Cycler (Bio-Rad). The PCR cycling parameters consisted of PCR cycles at 95°C for 10 minutes, then followed by 40 cycles of 95°C for 10 seconds and 60°C for 1 minute. Expression levels of the selected target genes (MT1X, FABP3, and RB1) were normalized to GAPDH. Fold expression induction values were calculated using the ∆∆ Ct method according to established protocols. 63, 64 With advanced genetic technology and coding and noncoding expression microarrays, the validation of expression patterns can also be confirmed by the comparison of coding (exon) and noncoding (miRNAs) microarray hybridization data from the same RNA source, which is becoming a more commonly accepted method for validation purposes. 66, 68, 69 Data analysis exon array analysis
The Affymetrix GeneChip Human Exon 1.0 ST Array data were used for gene-level expression profiling and examination of the typically inverse correlation between specific major guide mature miRNAs and target gene expression. Gene-level expression profiles were determined using signal intensity values averaged over multiple probes per exon as reported by Manzardo et al. 66 The Median Polish algorithm was used for RMA-background-corrected and quantile-normalized array results and to generate log (base 2)-transformed expression values. 66, 70 Linear contrast measures were used to calculate fold change statistics for individual genes using the least square means of the (log) ALMS (PWS or obese) and (log) nonobese control males, and then to back-transform the results to a linear scale. Significance was based on the t-statistic of the linear contrast. The FDR for exon (gene) expression data was set at #0.2. The cutoff for fold change and prediction target analysis was set at 1.5. Target miRNA predictions were investigated for all disturbed exons and miRNAs meeting criteria (FDR #0.2 and fold change .1.5) with established web-based search engines (targetscan.org, microRNA.org and TarBase 6.0). 68, 69, 71 These programs utilize specially developed prediction software and algorithms that consider sequence complementarity that are weighted for sequence matching and molecular energetics as well as manually curated, experimentally validated interactions. The predictions were generated from validated associations in a comprehensive database of experimentally supported human and animal miRNA targets using similar microarray technology 66, 69 and as similarly performed elsewhere using established protocols. 66 
MirnA array analysis
The Affymetrix GeneChip miRNA 2.0 Array was used to obtain the miRNA expression profile for 2,226 human miRNA probesets (1,105 mature miRNA; 1,121 pre-miRNA), which were background-corrected, normalized, and summarized using the RMA procedure. 66, 70 A multiple linear regression model fitted log (base 2) intensity values such that Y = µ + ALMS + Scan Date + e, where the intercept µ models the common effect, the categorical variable "ALMS" thereby models the condition (ALMS or nonobese control), while the "Scan Date" models the random effects related to the particular day the scan was taken. The specific random error (variable "e") associated with the model is assumed to be normally and independently distributed with mean zero. Batch effects related to the RIN were examined using principal component analysis and as a factor in our linear regression model. The Wilcoxon rank-sum test was carried out using the Affymetrix Expression Console to compare the miRNA probe signal (signal) to the GC-content-matched anti-genomic probes (background noise). Detection of signal in at least two-thirds of the samples was sufficient to meet significant criteria for probe-level hybridization in the ALMS group for upregulated miRNA or significant detection of signal in at least two-thirds of the samples in the control group for downregulated miRNAs. The Benjamini and Hochberg procedure was used to calculate the FDR, which was set at #0.2 for miRNA expression. A similar research design, interpretation, and analytical approach were undertaken with PWS males versus nonobese control males and obese versus nonobese control males and in the comparison of snoRNAs in the subject groups.
Results
exon (gene) expression
There were 231 (FDR #0.2; fold $1.5), 196 (FDR #0.15; fold $1.5), and 37 (FDR #0.10; fold $1.5) upregulated genes found in the six ALMS adult males versus seven Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only.
nonobese control males, but no upregulated genes were seen in the seven PWS or seven nonsyndromic obese adult males compared with nonobese males at similar ages. The Venn diagram ( Figure 1 ) shows the top ten upregulated genes in lymphoblastoid cell lines found only in ALMS males. The 231 upregulated genes in ALMS were grouped by gene ontology (GO) biological processes based on reported GO and function (eg, http://www.geneontology.org/GO.process) into the top ten categories and shown in Figure 2 . The top 30 upregulated genes in ALMS are listed in Table 2 .
There were 124 (FDR #0.2; fold #-1.5), 108 (FDR #0.15; fold #-1.5), and 16 (FDR #0.10; fold #-1.5) downregulated genes identified in the ALMS males compared with nonobese males. Figure 3 shows the top ten downregulated genes found in ALMS and their relationship to gene expression disturbances observed in PWS and obese males but with no disturbed genes found in common among the three subject groups. When comparing the nonsyndromic obese males with nonobese (lean) males, two genes (MT1G and MT1X) were found to be downregulated in the obese males, while only one complex gene locus (ie, SNRPN) was downregulated in PWS compared to nonobese males. Figure 4 shows the top ten downregulated genes in ALMS grouped by GO biological processes. Ten disturbed upregulated genes found in ALMS represented 63% of the genes (10 of 16) in the DNA replication cascade according to the KEGG database (eg, http:www.genomic.jp/kegg-bin/show_pathway?map). Sixteen of 31 (52%) upregulated genes found in ALMS were also represented in the cell-cycle cascade available at the KEGG database (http://www.wikipathways.org/index. php/Pathway:WP179), implying the importance of disturbed gene proteins in ALMS directly impacting DNA replication, transcription, cell cycle, and cell division.
The Affymetrix Human Exon 1.0 ST Array possesses a high level of resolution and internal validity, with about 40 probes per gene and an average intensity signal calculated across multiple exons to generate gene-level expression values. However, the probe number varies widely by the gene. For example, the expression level analysis of the RB1 gene is based upon the average intensity reading of 336 separate probes of the RB1 exons, while the expression level analysis of the MT1X gene was based upon 41 separate probes. The use of high-resolution microarrays are much more robust than 
MirnA and snornA expression
Misregulated miRNAs from isolated lymphoblasts in ALMS males versus lean control males shown in Table 3 have multiple gene targets that were also disturbed with possible influence over gene expression. The corresponding target genes with increased or decreased expression, their chromosome location, and the expression (fold change) for their respective class of miRNAs are shown in Tables S1-S4. Venn diagrams representing expression patterns of target genes with decreased expression correlating with disturbed complementary mature miRNAs, but of the minor passenger strand type (ie, star, 5p) from ALMS males are shown in Figure 5A and B. No disturbances in immature (hsa-mir) miRNAs were observed in our rare disease microarray expression study.
Yet, disturbed miRNAs of the minor passenger strand type were found in ALMS in relationship to lean control males, implying disturbances in miRNA biogenesis or processing. This pattern was not found in PWS or nonsyndromic obese males.
The miRNA expression patterns in PWS, lean, and nonsyndromic obese males were also analyzed, but few disturbances were found in contrast to ALMS. However, the immature hsa-mir 34a miRNA was upregulated when comparing PWS with lean males, and the mature major guide strand hsa-miR-885-3p was downregulated when comparing PWS males with obese males. The hsa-miR-541-star minor passenger strand was also upregulated, but no downregulated miRNAs were found when comparing PWS with obese males (Table 4 ). When comparing miRNA expression patterns in nonsyndromic obese males versus nonobese (lean) males, eight upregulated miRNAs were found with five classified as the immature type. Twelve miRNAs were downregulated in the obese males and seven classified as the immature type ( Table 5 ).
There were 15 disturbed miRNAs (11 upregulated and 4 downregulated) showing significant expression (P#0.05; absolute fold change $2.0) between ALMS and nonobese control males. The Unweighted Average Distance (UPGMA) algorithm was used to hierarchically cluster significantly disturbed miRNAs for visualization using the Euclidean distance matrix of pairwise distances between miRNAs computed from the standardized log expression Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. values of individual subjects. The genes were grouped by different FDR and fold change levels. All computations were performed using MATLAB (R2009b, The MathWorks Inc., Natick, MA, USA) and the Partek Genomic suite (v 6.5, Partek Inc., St Louis, MO, USA). When analyzing snoRNAs, ENSG202189 (SNORA30) and ENSG238400/ENSG239026 (snoU13 family) were upregulated at the FDR #0.20 level in PWS compared with obese and nonobese males along with downregulation of multiple repeats of the imprinted, paternally expressed snoRNAs HBII-85 (SNORD116), along with HBII-438B (SNORD109B), HBII-438A (SNORD109A), and HBII-436 (SNORD107) localized to 15q11-q13 region ( Table 6 ). No up-or downregulated snoRNAs were found when comparing the obese males with lean males, but numerous snoRNA disturbances were noted in ALMS compared with lean males (Table 7) . Up-and downregulated snoRNA in ALMS were co-localized in the same chromosome region with several ribonuclear proteins involved with rRNA processing including RPS8, NOP5/NOP58, METTL12, SNHG9, RPL7A, EIF4A2, GAS5, and NCL. 72 Upregulated snoRNAs ENSG00000238947 (U13) and ENSG00000252349 (SNORA31) were also co-localized with genes involved with fatty-acid processing (CCDC57, ALDH3A2). Downregulated snoRNAs were co-localized with genes coding for molecular scaffolding proteins (MYLK, DEDD) and proteins involved with hormone secretion (RAPGEF4), development (CFDP1), or previously implicated in disease processes impacting multiple organ systems (MYLK, RAPGEF4, CFDP1, ACAA2, MYO5B). The downregulated scaRNA17 was also co-localized with ACAA2 involved with mitochondrial beta-oxidation and MYO5B implicated in microvillus inclusion disease affecting recycling of transferrin. 73, 74 Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. 
Discussion
We analyzed lymphoblastoid cell lines established from seven genetically confirmed adult males with PWS, seven adult males with nonsyndromic obesity, seven nonobese (lean) adult males with normal BMI, and six genetically confirmed adult males with ALMS, and then characterized their coding and noncoding RNA expression patterns. As predicted, lower expression of snoRNAs in the imprinted 15q11-q13 region (eg, SNORD116) distinguished PWS from lean and obese males, but no snoRNA disturbances were Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. seen when comparing obese and lean males. For miRNA analysis in PWS versus lean males, we found overexpression of the immature mir-34a miRNA and downregulation of the mature miR-885-3p miRNA in PWS. For PWS versus obese, we found overexpression of miR-541-star in PWS. In examination of obese versus lean males, we found upregulation of 8 miRNAs in obese males with the highest expression for the minor miR-27a-star and downregulation in 12 miRNAs.
Exon array analysis found only downregulation of the SNRPN gene in PWS compared to obese and lean males, while obese and lean males were distinguished by downregulation of the metallothionein 1G (MT1G) and metallothionein 1X (MT1X) genes in obese males. The metallothionein genes code for a family of proteins that are believed to provide protection against metal toxicity and oxidative stress and may indicate an increase in vulnerability to exposure, toxicity, or excessive heavy-metal levels in individuals with obesity (Online Mendelian Inheritance in Man [http://www.omim.org]). This finding is unexpected in obesity, because metallothionein proteins are upregulated by inflammatory processes, cytokine/chemokine involvement, and in response to environmental stress, which may play a role in obesity. The metallothionein gene was a target for both major guide and minor passenger strand miRNAs including miR-27a-star, miR-23a-star, mir-296, and miR-513a-3p, which were upregulated in our obese males compared with lean males and may reflect disturbances in miRNA function. MiRNA expression in PWS males did not appear to broadly influence the exon expression analyzed at the gene level in lymphoblasts. Upregulation of the immature mir-34a miRNA observed in our study could impact the GABA-A receptor gene family known to be disturbed in PWS with three GABA-A receptor genes (ie, GABRA5, GABRB3, GABRG3) found in the 15q11-q13 region. 63 Further investigations would warrant expression analysis at the level of individual exons.
Few gene expression disturbances were seen using lymphoblastoid cells with respect to nonsyndromic obesity, which may be related to the statistical approach in analyzing data from high-resolution expression microarrays that involve multiple tests, with corrections further complicated by small subject numbers possibly reducing the sensitivity for identification of clinically relevant genetic outcomes and gene disturbances. In addition, other tissues including adipose may be a better source for identifying gene expression disturbances in nonsyndromic obesity. More gene disturbances were seen in ALMS males in our study particularly, with increased expression compared with obese or PWS males in relationship to lean males using lymphoblastoid cells, but may still contribute to the understanding of obesity. For 231 upregulated genes in ALMS, the top three biological categories (development, cell cycle, and regulation of transcription) accounted for 40% of the disturbed genes. For 124 downregulated genes representing the top three biological categories (metabolic function, immune response, and cell signal transduction) accounted for 43% of the disturbed genes. Ten (63%) of the 16 genes known to be involved in DNA replication were upregulated in ALMS males, while 16 (52%) of the 31 genes known to be involved in the cell cycle cascade were upregulated. Ten of the downregulated genes targeted by miRNAs in ALMS males compared with lean males (ie, EFR3B, CSF2RB, CDK5R1, TBC1D8, MXI1, CD68, ZRANB1, MYO1D, TP53NP1, and FAM102A) were found to be involved in several disease states (eg, diabetes, alveolar proteinosis) and in central nervous system development, signaling pathways, apoptosis, cytokine function, phagocytic activities, and in transcriptional repression. These findings support a global perturbation and gross upregulation of biosynthetic and replication pathways in ALMS, possibly as compensation for diminished metabolic, immunologic, and signaling capacity and increased cell death.
Fibrotic changes reported in multiple organs in ALMS occur when inappropriate tissue remodeling is present with excess matrix production and increased survival of myofibroblasts or lack of extracellular matrix degradation. 75 Inflammation also occurs with enhanced cell signaling [76] [77] [78] impacting gene expression (primary or secondary), and altered cytokine production during the fibrotic process. 76 Eighty-four known miRNAs (all mature miRNA guide strand with no passenger star strands) are associated with fibrosis (pro-fibrosis, anti-fibrosis) impacting on extracellular matrix formation and remodeling, cell adhesion, 26, 76, 79, 80 inflammation, 26, 38, 81, 82 angiogenesis, 26,82 signal transduction and transcriptional regulation, 76, 81 and epithelial to mesenchymal for multiple testing. These results suggest that the fibrotic process in ALMS is not detectable using our tissue source and methodology or by employing more stringent RMA modeling to normalize baseline intensities without selecting a subset of genes (or gene family, eg, collagen) in small group analysis. Hypoxic stress can cause phosphorylation of Argonaute proteins (ie, AG02) required for miRNA processing by interacting with the epidermal growth factor receptor and reducing the binding to Dicer in the cytoplasm and further inhibiting miRNA processing to the mature form. 29, 31, 32 Stress secondary to the ongoing multiorgan fibrotic changes in the lungs and cardiovascular system could partially account for the abundance of disturbances in miRNAs produced in ALMS males compared with obese, PWS, or nonobese males. Furthermore, the alternate ac-pre-miRNA biogenesis pathway may be overutilized in ALMS secondary to an abnormal function of the ALMS1 gene involved with ciliary activity, thereby controlling cellular movement and transport. The transport defect may interfere with the export of the pre-miRNA precursor from the nucleus or with normal degradation of the lesser passenger strand. The disturbances may also reflect the ongoing multiorgan involvement known to be present in ALMS with abnormal pathophysiology in relationship to nonsyndromic obesity and PWS males.
Examination of snoRNA expression in ALMS showed up-and downregulation of specific snoRNAs co-localized with genes for ribonuclear proteins (RPS8, RNF149, NOP58, METTL12, SNHG9, RPL7A, EIF4A2, GAS5, and NCL) involved with rRNA processing (sumoylation, and ubiquitination), which have the potential to influence protein synthesis. 87, 88 Other disturbed snoRNAs in ALMS were co-localized with genes functioning in cell signaling, growth, and development as well as fatty acid processing. Downregulated snoRNAs co-localized with genes coding for nonribosomal proteins may participate in RNA editing of these genes. It is unclear how or whether variations in snoRNA level would impact RNA editing functions; however, disturbed snoRNAs were associated with genes previously implicated in disease processes impacting multiple organ systems (MYLK, RAPGEF4, CFDP1, ACAA2, and MYO5B). 73, [89] [90] [91] [92] [93] Further, co-localization of scaRNA17 with genes involved with mitochondrial beta-oxidation (ACAA2) 73 and implicated in microvillus inclusion disease with effects on recycling of transferrin (MYO5B) 92 are consistent with an obesogenic phenotype and the observed disruption in metal ion transporter levels (MT1G, MT1X). However, the impact of specific snoRNA expression disturbances on rRNA gene regulation by interference with the major guide strand miRNA.
Many genes are involved in fibrosis including extracellular matrix components and cell adhesion (eg, the collagen genes COL1A1, COL1A2, etc), remodeling enzymes (eg, CTSG, CTSK, MMP1, SERPINE1, TIMP1), cellular adhesion (eg, CDH1, ITGA1, ITGA2, ITGA3, etc), cytoskeleton (eg, ACTA2, ACTC1, RAC1, etc), inflammatory cytokines and chemokines (eg, CCL2, CCL7, CXCL1, CXCL11, IFNG, IL10, IL4, etc), growth factors (eg, ANGPT1, CSF2, EGF, FGF2, FGF10, IGF1, TGFB1, etc), and signal transduction for TGF (eg, STAT3, TGFB1), WNT (eg, CTNNB1, WNT5A), phosphorylation (eg, MAPK1, PTEN), and receptors (eg, EGFR) (http:// www.omim.org; http://www.genetests.org). However, these genes did not appear to be disturbed in the ALMS males in our expression study when comparing the complete microarray expression dataset among the subject groups and correcting Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. activity in general or RNA splicing/editing functions is not presently known and requires further study. Disturbances in rRNA-related proteins and intermediates in our study raise questions about the functionality of sumoylation processes, rRNA assembly, and the integrity of ribosomal subunits. For example, a 2.3-fold increase was observed in SP100 gene expression encoding a ribonuclear protein associated with the SUMO E3 ligase RanBP2(Nup358) complex with functional impact on nucleoplasmic transport, microtubule binding and organization, as well as spindle assembly and disassembly, which are functions highly similar to those proposed for the ALMS1 gene. Future research should explore a possible relationship between ALMS1 and SUMO E3 ligase RanBP2 (Nup358) complex or other E3 SUMO ligase complexes. A paucity of gene expression data exists in PWS and ALMS, and consistency with tissues studied as sources for collection of biopsy or autopsy specimens are scarce for rare genetic diseases, thereby limiting access to viable cells for coding and noncoding RNA expression analysis. Different sources (eg, fibroblasts in PWS 94 or ALMS 95 ) have been used as well as different syndromic genetic disturbances and sexes (eg, single PWS female with mosaicism 94 ) applying early, lower-resolution microarray technology with fewer probes and lack of internal validation (eg, one probe per gene in PWS 63 ). Multiple probes per gene at the exon level per assay are now accessible, as evidenced in our study (eg, 249 probes for the FAR2 gene). Our investigation extends and expands upon the earlier limited research with simultaneous high-resolution coding and noncoding expression arrays and advanced bioinformatic approaches in readily available tissue lymphoblastoid cells grown in suspension and transformed from B lymphocytes following primary infection with Epstein-Barr virus establishing immortalized cell lines. Total RNA isolated from actively growing cell cultures was treated similarly among all subjects studied. Lymphoblastoid cell lines have commonly been used in a number of populationbased genetic studies of gene expression 94 in which the virus genome is transcriptionally silent. 95 Previous genome-wide expression studies using early microarray technology examined lymphoblasts from seven males with PWS and three obese males 63 and fibroblast cells from a single PWS female mosaic for a normal cell line and a cell line with maternal disomy 15. 96 Bittel et al 63 reported no expression of the paternally expressed genes from the 15q11-q13 region (eg, SNRPN) in lymphoblasts from PWS males. A secondary small group analysis of gene clusters by structural/ functional category (neurodevelopmental, lipid/metabolism, GABA receptors, serotonin receptors, select candidate genes) was carried out by comparing mean intensity signal values in the lymphoblasts from PWS males normalized to the median signal value of obese males then divided by the 50th centile of all measurements in that sample. Expression disturbances (fold change $±1.5 of FDR #0.2) were found for 14 neurodevelopment genes (eg, SAG, NOTCH1, TH, GRIN2B, NTSR1, PAX2, UBE3A), three lipid metabolism/ obesity genes (eg, INMT, SNRPN, STAR), nine GABA or serotonin receptor genes, and other candidate genes (eg, HCRT, MCR2, ADIPOR2, OXTR). Of these genes, the complex SNRPN gene locus including multiple transcripts (eg, PAR1, IPW, and HBII-85 [SNORD116]) was most disturbed based upon fold change and FDR as observed in our investigation. Furthermore, Horsthemke et al 96 reported that SNURF-SNRPN-IPW and NDN genes had the highest fold change differences (decreased in PWS) and did not detect any other 15q gene disturbance similar to our study. Expression of DUSP4A, RNF29, HOXB6, ARL5, CD36, and SCG2 genes were greatly reduced or absent in the mosaic PWS cell line.
Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only. None of these genes was found to be dysregulated in our high-resolution microarray and analysis. Zulato et al 97 reported on four adult patients with ALMS and three control subjects with normal weight by obtaining dermal fibroblasts and whole genome expression analysis of 21,500 genes and found 560 to be differentially expressed with 188 upregulated and 372 downregulated genes in ALMS. The disturbed genes were classified into four groups represented by cell cycle, extracellular matrix or fibrosis regulation, cell adhesion, or motility and apoptosis.
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expression patterns associated with rare obesity-related disorders They reported that downregulated genes involved in cell cycle progression and DNA replication including minichromosome maintenance complex (MCM) genes and assembly of the replication complex (RFC3-5). We also found MCM gene family expression disturbances as well as upregulated genes impacting most often on development and the cell cycle cascade followed by transcription regulation and protein modification, DNA replication and repair, and RNA processing. Zulato et al 97 reported upregulated genes for components of extracellular matrix and collagen types (eg, COL1A1), proteins and chain assembly including P4HA1, LEPRE1, and SERPINH1 and, in addition, upregulation of genes involved in focal adhesion structures such as TNS1, LIMS2, and SGCD. They also found upregulated gene expression involved with fibrosis such as POSTN, IGFBP3, IGFBP5, CTGF, WISP1, CYR61, NOV, and ACTA2 as well as apoptotic-related genes (IL24, GULP1, NALP1, MAF). Genes most commonly downregulated in ALMS in our study included metabolic processing and immune response followed by cell signal transduction and transcription, regulation of cell proliferation and development, transport, RNA process, protein modifications, and apoptosis. Hence, our gene expression studies in lymphoblasts in ALMS did show overlap with Zulato et al 97 in certain functions, particularly in cell cycle/proliferation, DNA replication, transcription, and RNA/protein processing.
Conclusion
In summary, hundreds of coding and noncoding RNA expression disturbances were seen in readily available lymphoblastoid cell lines, which have been used in previous reports as feasible resources for coding and noncoding RNA expression studies in neurodevelopmental disorders (eg, autism) and exogenous or syndromic obesity. Lymphoblastoid cell lines established from ALMS males compared with nonobese males showed multiple gene expression differences (both up-and downregulated), while lymphoblastoid cell lines from nonsyndromic obese males and PWS males showed few differences. Members of the metallothionein gene family showed decreased expression in both obese and ALMS males, while the imprinted complex SNRPN locus disturbed in PWS showed decreased expression in the PWS males only. For ALMS, pervasive disturbances were observed in gene expression for about 350 genes. There was involvement of multiple snoRNAs and miRNAs (both immature and mature) impacting the cell cycle cascade, DNA replication, and repair, possibly leading to, or resulting from, the complex progression of multiorgan pathophysiology seen in ALMS.
Overabundance of minor miRNA passenger strands in ALMS, indicating an RNA processing defect, and when not degraded, could compete with the function of the major mature guide strand, thus interfering with the latter's role and interaction in gene activity. RNA sequencing as a more novel approach is currently under way in rare genetic syndromes with obesity including PWS, ALMS, and nonsyndromic obesity, but is not a focus of this microarray expression study. The discovery of disturbed molecular pathways or mechanisms should stimulate new directions for research and intervention and the use of multiple tissue sources for confirmation. Ideally, fresh brain or adipose tissue when available will lend new and additional information on pathophysiological disturbances leading to pharmaceutical approaches in the study of obesity and rare genetic obesity-related disorders. The rarity of the syndromes involved in these studies with limited access to large numbers of subjects, viable tissue sources (brain, adipose), and types with sufficient quality and quantity, along with expense (time, resources and allotment, available expertise) associated with advanced genetic/ genomic technology, adds to the challenge answering complex questions regarding the genetics of obesity. Advances in Genomics and Genetics downloaded from https://www.dovepress.com/ by 54.70.40.11 on 11-Dec-2018 For personal use only.
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